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SUMMARY

The Space Power and Propulsion 8ectlen Zaf the General Electric Company

has been under contract to the Aeronautical Systems Division, Wright Pattersen

Afr Force Base, Ohio, since April 15, 1962 for the development of dynamic shaft

seals for space appucattons. The objective of this progmm is to acquire the '

techniques for seallng htqh speed rotatinq shafts under the Operatlng condttions

of hlgh temperature uquid metals and vapors, the near-vacuum environments of -

-space, - -and to provtde long seal life.

A, 'l‘he contract spectfies the following requirements.

l'

2.

7.

The fluld to be sealed shall be potassium,
The seals shall be operative at fluid temperatures from the melting
point of the fluid selected to 1400°F.

The pressure on the fluid side of the seal shall be 15 psi

. and the external pressure shall be 10~ -6 mm Hg.

The speed of the rotating shaft shall be a maximum of 36,000 rpm.

The seal, 6;" seal cortxbinations, shall be designed for 10,000 hours
of maintenance-free Iifet |

The worktng fluid potassium, shall be used as the seal lubricant.
The seal or seal combinations, shaH be capable of maintalnlng

zero leakage - 1n the technical sense ~ under all conditions of

. operation,

The seals shall be designed for a 1.0 inch diameter shaft.
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9.

-

The seals shall be capable of operating in a zero "ﬁ" gnvironment.

B. The seal evaluation shell consist of t

'le

)

"20
3.

2.

3.

- 3000~hour life test with liquid metal. |

Preliminary expertments with weter.
'100-hour operettonel ecreenlnq test with llqutd metel. v

Thermal-cycling test with liquid metel. : P B

_This report covers proqneee durtnq the quarter endlng April 15, 1962, The .

meln events of thls repcttlnq perlod ere'

Plrst phese eveluetton of screw seals uslnq water and silicone fluids

has been completed ’l'he resulte of screw geal analysts end experi-

ments have been summertzed end are belnq publlshed as a complete o

report ln thls proqress report

 Other activities heve been- B

Experimental studies of lnlet and outlet conflgumtions of the
rotating housing seal heve been completed.

Evaluation of test data from the squeeze seal and the double disk

’seel contln'ued

Investlgatton of the sputter phenomena observed durlnq the operetion

loss of liquid have been designed end tested Consldereble efforts

_have been expended to obteln a physlcel understendlng of the sputter :

phenomena. Addlttonal work in design and testing contlnues.

-1~

» vof rotating fluid rlng seels continues. Verlous means to suppress the y

i
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| Design of the sesl test rig has been completed. All spicigthttonb
‘have been prepared and the drawings have been released for quoting.

6. An IBM program has been set up for the analysts of the test rig's

argdn gas bearing. Gas bearing operation has been analytically
investigated. Temperature distribution on gas bearing shaft and

housing havo_:begn -mcplcu!qud_,gu_quu-an oxisting-in~house - -

- program.

Procurement of hardware for the liquid metal seal test tacility

continued,
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NOMENCLATURE

Area of wetted seal or constant in turbulent flow equation
Dimensionless pressure

Cavitation number or constant in turbulent flow equation
Shaft diameter ' ‘ -
Land width along axis
Eccentricity correction factor
Friction factor

Force or Froude number
Zotov's sealing coefficient
Groove depth

Constant in turbulent flow equation

Functionof &, K = B[y (1 )] . .
Constant in equation 51

Constant in equation 51

Sealing coefficient cdnstant based on groove depth

RARR T Q@ He DOW >

'p_a-“ [ ]
Pt

o

o

Sealing coefficient constant based on groove depth

Sealing coefficient constant based on clearance ,

[

A R

[~

Sealing coefficient constant based on clearance

Leakage p#th length

Length of wetted portibn of seal

'Number of threads or power of Reynolds number .

Shaft angular velocity { ‘ | y - S

pressure

‘<'°'° 28 U .-

Vapor pressure

4
©

Pressure drop across seal

4

A Power
Volume flow

O
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r 7 Radius

: ’ Uh
,_Reh Reynolds number Reh =~
Re Reynolds number Reg = ‘_Jg.

t Thread pitch, t = 7D tan ¢
t* t/n A

u Velocityﬁlong groove axis
U  Shaft surface velocity

v Component of shaft aurfaceAvelocity along groove
w  Width of channel '

w'  Width of land |

2
b} £ : .
W  Weber number W = .9_0_2. or cooling water flow rate

Coordinate élong rshAaft axis

Coordinate in radial direction )
Aspect ratioa=hjw or coefficient of expansion
Ratio of clearance to groove depth, B =48/n

‘wilw +w)

Radial cieafanée

T o N w9 X

Absolut_e viscosity

Kinematic viscosity
_ Fluid density
Fluid surface tension
Helix angle
Shear stress

Coordinate along groove axis

&S v © QD ©

Coordinate along perpendiéular to groove axis

SUBSCRIPTS
c couette flow value
cr  critical
d drag |
h based on screw depth
vii




' j,b journal bearing

1 laminaf
L  leakage
m mean value
max maximum

.opt | optimum value
p pressure flow value
sl . sleeve |
88 screw seal
t = turbulent

- SUBSCRIPTS
! fluctuating value
- time averaged value
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I.  INTRODUCTION

One of the most basic engineering problems facing the machine designer
is that of providing adequate dynamic seals for rotating shafts. The problem has
become more acute in recent years for several reasons. There has been a trend
toward increased speeds to reduce size and weight of machinery packages which,
in turn, requires an extrapolation of existing seal performance; the consequence
of a leaking seal has become more critical, for example, in nuclear applications;
the need for maintenance-free operation has become greater, for exampla, in
" space vehicle applications.

Nou-contactlng seals are desirable since the separation of solid surfaces
by a fluid film promises low wear rate and long life. Most such seals, however,
require a small but finite leakage flow, In contrast, the screw.seal offers both
the possibility of contact~free surfaces and zero leakage. There has therefore
‘been a resurgence of interest in the screw seal within the past few years.
Results of analyses and experiments for laminar screw seal operation have
recently appeared in the technical literature of England, Russia, Germany,

Japan and Holland.

This report is part of contract AF-33(657)-8459. The prime objective of
this contract is the development of leak-free dynamic seals for rotating shafts
exposed to vacuum of space. The work reported here has been prepared by the
Advanced Technology Laboratory, which was sub-contracted by the Space Powar
and Propulsion Section to evaluate screw seal performance using so-called
»easy" fluids such as distilled water and silicones.

In the following, the various scatter analyses of laminar screw seal
operation are evaluated in comparison with one another and with a simplified
flow model; the basic equations are extended to cover turbulent flow; experiments
are described in which the screw seal was tested in both laminar and turbulent
regimes and results compared with the theoretical expectations; finally, the
breakdown of sealing capability under certain conditions is examlned and
reasons postulated for its behavior,




A ot AR B QP S T STR S, AT S5 L UMY 1 I R B ¥ e -

PRI

II. THEORY OF SCREW SEAL OPERATION

Two fundamentally different patterns of flow, laminar and turbulent,

. exist for the flow of fluids through and around hydraulic devices such as

éipel, valves, bearings, spheres, platies, etc. The observed velocity
distributions, pressure drops, and tr.;iction losses are substantially dif--
ferent for the two patterns of flow, and as a result, two separate sets of
laws are needed to predict the flow patterns for laminar and furbulent flows.

In early applications of the screw seal, the conditions of operation,
low speed an& high viacosity, were favorable for laminar flow. Laws were
deduced for describing the laminar operation of screw seals, but experience
with other fluid devices gives us no reason to agssume that these same laws

will predict the performance of screw seal operation in turbulent flow. The

basic purpose of this study then is to answer two questions:
1. What are the laws of chew seal operation in turbulent flow ?
. 2. What is the value of the criﬁcal Reynolds number for which transition
from laminar to turbulent operation takes place?
_In ;_his sectioh a simplified theory of laminar screw seal operation is
derived. Following this an analysis is presented for predicting the sealing
equation for turbulent flow, without land leakage. |

A. Laminar Flow Case

1. Laminar Flow Sealing Equation

i The screw seal is essentialb' a screw pump operating at zero flow.
; .

Therefore, th2 discussion which follows will concern the screw pump,

2
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since the analysis includes the screw seal as a special case.

The screw pump consists of a threaded shaft rotating in a fixed

cylinder or sleeve. .The screw channel is consténtly changing its position

relative to sleeve and the advance of fhe fluid through the sleeve of the

pump follows a helical path which is a mirror image of the helix on the

screw. It has been shown, both analytically and experimentally in reference

7. the end results would be the same if the screw were held stationary and
the gleeve rotatéd in a direction opposite to the actual rotatioﬁ of the scx‘-ew.v
since the relative velocities of the screw and the barrel are unaltered. But
in this case, the liquid moves along the helical path defined by the screw
channel. Because the cha_r;nel walls are attached to the screw, it is far
easgier to ﬁa@ize and discuss the case in which the sleeve rotates. For
this réason’, the screw is usuaily taken as the frame of reference.

Figure 1 shows a portion of a screw pump in which the rotational
speed of the sleeve is U. The component V tends to drag the fluid in the
direction of the channel. The T component induces‘ a transverse flow.

This tranaiverse ﬂow is neglected in the analysis.

If part of the screw channel is isolated as shown in Figure 2, the
flow in the screw pump can be con.sidered as a special case of couette flow
in an arbitrarily shaped éhmel g_g_a.inst a pressure gradient. This assump-~
tion is valid since in most applications the radius of the sleeve or rotor is

usually much larger than the screw depth.
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The differential equations governing this type of flow are the Navier

IR V¥ (IR

Stokes equations. As shown in Reference 1, these equations, after simpli~

fication, appear as

: : 92u .
FF w
for incompressible laminar flow between two parallel .plates.
A very siﬁaple solution of equation (1) is obté.ined for the case of
steady flow between two parallel flat walls one of wl.uch ias moving with a
velocity V. (Figure 26). The boundary conditions are:

Yy =0; u=o

-y = g AU Lol -

y=hi u.V_
1+8

For the sake of brevity the parameters used to define the screw geometry

are shortened to: ' A
. b
5 ,
B = % l :
- w _ t*-e . ~‘
Y2 waw T T l §
The solution is
2 ¥
XL YV _h_ b y ,_Y :
O (R CaE af b 4o (2) 1
The flow through a channel of width w 1
; ;
Q=w udy !
o (3) ;
i

| o
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Vwh bha dp
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or v ‘
.1 . 4p 7,
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In addition to the flow given by equation (4), there is a leakage through -

the clearance space 8 . This is analyzed by assuming the flow is isothermal,

laminar pressure flow throygh a narrow slot or

' 3
DO d
S Bz Ei%’

where £ is distance along the leakage path,

(6)

The factor E is a correction for poséible ecceﬁtricity of the screw
in the sleeve. It varies from 1 for a pe;‘fectly centered screw to 2.5 for
a screw with maximum eccentricity.

The total leakage flow can be obtained by calculating the leakage
across a length of thread equal to one turn of the helix. If it is assumed
that the fluid pressure along the length of the clearance varies linearly,

then the pressure drop between adjacent grooves is

Ap, =
1 (L/t¥) 1

'i‘he leakage path is e. The leakage flow becomes

E7 D85 Ap

% * pe L7t9

(8)
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Reference to Figure 1 reveals

V =Ucos¥= DN cosd

(9)
d§ = dx/sind (10)
t s nt* = #Dtand , (11)
w = (t* - e) cos @ (12)
Substitution of the above into equation 8 gives
_ ExDt8Ap
Qh 12une (13)
or
Qo - E12D263tan 0 ( )
L 12 newh® sin . KV Tt e
‘or
QL 2
: h
& . Er(h_ —%—)
Vwh kv d (5)
where
F- 72D263 tand
12 newh® sin ¢ (16)

The first term of équation (4) is the drag flow. The second term
represents the backward flow along the channel due to the negative pressure
gradient. The total flow can be viewed as a drag flow minus a pressure

flow and a leakage flow or:

Q= Q-9 -9, ‘ an

e s st <335 Rl
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By combining equations (5) and (15), the total flow in dimensionless

terms becomes

Q 1 B
= +'= + EIB
Vwh 2(1+8) 12 (18)
where
B = - .—Ei
pv d§

If Q/(Vwh) is plctted versus B a straight line results with a nega-
tive slope as shown inb Figure 3. Data for a given geometry of screw
pump should all fall on one straight line independent of speed when plotted
in the above dimensionless form.

For seal operation, the shut off pressure coefficient is. of interest.

For Q=0, this becomes for the theoretical case,

2

L d 1
pv dé 2(148 NET +1/12)

(19)

Equation 19 is written with reference to a coordinate system along
the groove. It is more convenient in practice to use a coordinate system
along the axis of the screw.

The drag flow term is

Q. = Vwh
d 2(1+R) (20)
or substituting equations 9§and 12
\ 2
Q = nU(t* - e) cos ¢gh
d 2(1+8) (21)
1

o R skt e s
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 where the factor n is added toaccount for multiple thread screws. The ]
pressure flow term
o ' . 3 P o . . . .
. wh d : El ;
¥ Qo at (22) ]
becomes after substituting equations 10 and 12 1 .
Qp . nha(t*-e)sinﬁcosﬂ Ap H 4
124 b (23) ]
The total discharge delivered by the screw is then ‘
Q-Q-Q-Q 1
R U(t*-e)cos? 3., 3 l ‘
Q = -e)cos _ _nh'(t*-e)sinfcos Ap __E7DtS Ap .
: 2 . ' 12uL 12pneL, ‘
o (29) l ;
For operation as a seal we desireQ = 0, or :
h? 4 | 6n(t*-e)cosz¢(l+ﬂ)-1' _ l :
KUL R L ETDg° :
{n(t* e)sinfcosd + e (25) ]
or g
2 -1
h & _6(1+6)

KUL ; 2 =
tan |1 + £ — |

n (t*-e)e sin"¢ |
126)

or

: -h2 Ap 6(1+3)-1
' " gfd |
tand {1 S -Nsin2 9 i

(27)
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The dimensionless coefficie’nt -l%%— we will designate as
the sealing coefficient l,l/h. It is éeen in equation 27 to be a function of
geomefry alone, ‘

It is also of interest to conéider another coeffit:ient denoted lP6

which is defined as

v s fap . 6820 +8)”! - K .-
5 BUL E8° 13
tang 1 +‘r(1—7)sin‘¢
(28)

The coefficient Klb is also a function of geometry alone. The rehtion

between "lfx and ;//6 is simply

2
Ve, =B ¥
5.7 Th (29)
With no leakage (QL= 0) equations 27 and 28 become
6
Wh " tan ¢
(30)
and
v, = S8
8 tand (31

2. Effect of Eccentricity on Sealing Capability

Equation 19 reveals that the leakage flow over the screw lands

is strongly influenced by the position of the shaft in the sleeve. The
sealing coefficient 4’0, is a function of eccentricity due to the factor E

which varies from a value of 1.0 to 2.5 as the eccentricity varies. The

N Vil‘mmM



. geometrical factor [ also varies since 8 /h changes along the circumstance,
but this does not appreciably affect the sealing coefficient.
If we ignore the qircumferential variation of §/h, we can calculate
a maximum and minimum value of lf(o corresponding to minimum and maximum
eccentricity, respectively. This is shown in Figur;e 4, The cross hatched
area between the extreme values of the sealing coefficient define the laminar
working characteristic of the seal. The large variatién possible explains
in part the differences in measured sealing coefficients shown in Table II.
Sin;e it is very difficult to control eccentricity in a close cleafance

seal, it is best practice to design the seal for maximum 4eccentricity.

3. Laminar Flow Power Loss Equation
: Thé simplest method for estimating the power loss in a screw seal
is to treat the loss as frictional .dissipation by viscous shear in an annulus
which has a clearance 8 over part of its area and a clearance h for the

7

remaining part. The force exerted on the ghaft is simply
IJ U

F = A + ﬁA (32)
and the power is
P = FxU \
By observing that.
.
Al' +A
and 8 = 5 A = A +A
h’ 1 g

the expression for power becomes

P = 6005 [ §_1 + '7)] (33)
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Substituting in equation (33) from equation (28)

pUL | Apd
6 Klo
: and rearranging equation (33)
P _ 0D [y8 | -
(w6600) UAp Klo [ﬁ 5 t 0 -7)] (34)

We see that the right hand side is a function of geometry alone. Hence,
in laminar flow for a given speed and‘required sealing pressure, power is
independent of fluid ﬁscosity. ‘

In bearing practice, it is often convenient to present power loss data
in terms of a friction factor f, defined as

f = —F:—/i- ‘
U 35) -
2g '
where F ig given by equation 32. Equation 35 can be rewritten as
= 2 1-7 Y
where
Vh
Re,. = -

The friction factor can also be written in terms of a Reynolds number

based on the clearance rather than the groove depth.

.2 Y8
f = -R—e-g— [BTT- + (1 +7)] " {(37)
where
REG = —p—-

The previous analysis of bearing loss has included only Couette or drag'

. flow. In addition there is a Poissuelle or pressure flow within the groove

-which also contributes to the power loss. Boon and Tal(s) performed

an analysis in which this additional factor was considered. They found

' that the energy dissipated in laminar operation of a screw seal is given by

1 |
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2 ‘ 3 2 .3
-¥ Yv- -
p - _HUA 1-y+§+3”’2“3’(‘;1) (17;v)z (B8
T (1+t5) v +t°7(1-7) (v" - 1)
where '
tstanPand v = 1_‘_%?_6%!1_

In the above expression (1 -7 + 'y_‘;_) is the power loss due to the
Couette portion éf the flow, the remainder being the loss contributed by the
Poisseuille portion of the flow. If the geometrical parameters ¥,¢ , and v
are so chosen that the Poisseuille flow term is zero, equation reduces to

equation 33.

NS S -+ ) TR e

It is of interest to determine the relative order of magnitude of the

Couette and Poisseuille flow terms in the power loss equation. For values

o | _

of the geometrical parameters of

t = .2586
= .63
= 3.86
the expresaion for the power loss is
2
P = —“—Us-é-—-— (.533 + .014)

where the terms in the bracket are values of the drag and pressure terms

respectively. According to equation 38 the power losé due to the pressure

flow is about 1-1/2% of the drag flow power loss for the chosen geometry.
- (3) (5)

Measured powers by Hughes ™" and Boon and Tal'~ were greater

* than that calculated from either equation 33 or 38.

4. Optimization for Maximum Sealing Capability
(a) Optimization of Simplified Sealing Equation

| The sealing coefficient "Lh can be maximized by taking the partial

derivatives of th with respect to 8,7 ,.and @,.and setting these partial derivatives

12
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" “and ¢ for which lPh is a maximum -

T S IR P 2

equal to zero. A system of 3 equations 1i| obtained which yield values of8, 7,

)] .
CLL . (393)
8¥h . 0 a27-1 ' (39b)
Y : ,
—%34" c 2 0 = K - sin
3¢ 0 *K-s8 9 (1+2K) (39¢)
This leadé to the conclusion that the sealing coefficient cPh'" “ for
=0
B=o
Y = .5

The above conditions in effect say that the clearance should be zero
and that for zero clearance the groove path should be made as long Qs possible;
(i.e. $ = 0).

. In any practical seal, however, there is a finite clearance, and
in order to optimize the seal géometry foxl a given finite clearance it is
necessary to consider the sealing coefficient IPG.

The coefficient y 5 is given by

v - S84 98" (28)
) tang [ 1+ K ]
. 2¢ '
Sln‘
EE
where K 37;-(—].':-;)*-

-

Again the partial derivatives of 'equati(m 28 can be obtained and set equal to

zero. This leads to-
ayd

‘ : = 0 = K-sin?9 (1 +2K) (40a)

13
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" to groove depth leads to very shallow grooves. For a 1/2 mil clearance, the

e e e SRS oy -,

o e e

4y
5y = 0 ' 2y -1
AV . gh* 48

+ -8 -2
a8 ainzﬁ lin2¢.

The simultaneous solution of the above equations gives
¢ = 21.6°
B = .36
Y = .5

The value of 4’6 for these conditions is

Wa = ,61

Optimization of the sealing coefficient based on the clearance gives
the added information that there is an optimum groove dépth for a given

clearance §. For tight clearances, however, the optimum ratio of cléarance

optimum groove depth is only 1-1/2 mils. Such a groove is very difficult to

machine, In order to estimate the sealing coefficient at other than optimum

conditions, the following method can be used.

From equation 40 the condition,. ¥ = .5, is an optimum condition

independent of the value of § andB. Substituting for 7 in equation and letting

Ko 2 4E33 fory = .5, we.obtain

2 : Ko
A TS
(o]
or
- ]
- -1 o
¥ = sin [2:{0 ¥ 1

(40b)

{40c)

(30a)

(30b)




- | — |

———

.

~r
]

s Ml s B

o 3o 3

I

[

Then « ' ' '
vy - SuH E (31)
° tangfr + %o ]
sinzﬂ
and since »
sln2¢ + coaz¢ =1 . ‘ (32)
2 Ko + 1
cos P = TIE::—I.'

vwe can write
‘I’c - 8(1+ﬁ)-lﬂz
° z;xomxo)]‘rz

[

or

. :3Q +8) 1 ¢
2[ER (1 + 46 ]M/?

This is plotted in Figure 10.

¥5,

For any value ofB with ¥ = .5, an olptimum value of 'Pao can be
read from Figure 10. The helix angle required to attain this value of ¥4 is
calculated from equation 30b or read from Figure 11. _

In Figure 10, it is seen that éccentricity markedly reduces the
sealing coefficient but hardly changes the value c;f Vs where the seali.ng curve
reaches a maximum. In Table O, the values of required for maximum sealing
coefficient as reported in several different references range: from .2 to .38.
Figure 10 indicates that in this range of 8, the Seaiing coefficient changes
little and that any of these "optima' would give good sealing capability.

- For values of 8 below .2, however, the curve drops off sharply, and
for a given clearance, a considerable penalty in reduced sealing capability

is paid for by using small values of 8.
’ 15
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Figure 11 provides the value of heiix angle required to attain the
sealing coefficients given in Figure 10 as a function ofB. The effect of
eccentricity is to increase the helix angle required to obtain maximum sealing
for any given§.

The previous analysis.wa'a b]ased‘ ona simoliﬂed model. of the ‘screw
geal in that the edge effects of the channel were neglected. The analysis is
therefore limited to channels which are muoh wider than they are deep or
h/w, the aspect ratio, is small. o

If end effects are coneit!ered; inore complicated expressions for the
sealing equation are found with different geometrical optima. Several different

investigators have included aspeet ratio and other effects and maximized the

laminar sealing coefficient. The sealing coefficient is then a function of four

variables.
Ys = t (a.ﬂ 7. ¢)
Optimizing this equation leads to a set of four equations.

The simultaneous solution of this set of equations gives two real solutions

which correspond to the maximum and minimum values of the function 'PG" Al .

the investigators who have optimized screw seal geometry have done essentia.‘lly
the above, but due to different starting assumptione and slightly different
techniques they did not all arrive at exactly the same result The various
optimizations are discussed below. |

b. Optixnization of Zotov

In Reference 6, Zotov presents the gealing effect of the screw geal

‘ in terms of: %I%. (g%%l% ‘ (41&)
16
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on in different nomenclature
2
) dp 8
Yo * w0 ax T @ " Kig - 41)

The quantity G depends on the four geometrical parameters a,8,%, and §.

Zotov found analytically that G was a minimum for the following values of the

above geometrical parameters

a = .08 B = .32
y = .83 ']

In the above case

1

(é-)max . 116

(K > .= .116x6 = .696
16 ax

His measured values were less than this, however, and ranged from .5 down
to .37. He attributed the lower measured sealing coefficients to imperfect
alignment.

c. Optimization of Asanuma

Asanuma in Reference 7 describes the results of extensive tests of
various thread forms. The sealing equation employed by Asanuma can be
expressed as

2

=0 dp _ g5 - ‘
Ys = o5 ax -ss-K16 | (42)

The quantity S, he terms the gealing characteristic factor which
like Zotov's G is a function of screw geometry. In order to obtain maximum

sealing performance, Asanuma found that the pertinent geometrical parameters

>
should have the following values:

a = ,05~.2 8 = &/h = .2
Yy = .5 A ¢ = 10%~11°
17
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The above optimized parameters are close to what Zotov found, For rectangular

'
o
| ] : [
. N

threads of qp'dniu'm'georﬁetry, Asaruma féund that

| <x16> . ® -45 (theoretical value)

e Sedn R S

For a screw of optimum geometry, he actually measured values of K16

ranging from .36 to .33.

d. Optimization of Boon and Tal

In Reference 5,Boon and Tal presented a comprehensive theoretical

MR QR NIV IR N

study of screw seal operation. Their sealing equation can also be expressed
in the form of equation 41b. Their maximum theoretical sealing coefficient

K, was K. = .55 and occurred at

I 1

B = .422 ¥y = .5
¢ = 15.8°

Boon and Tal performed some measurements but unfortunately did

LY

not publish their results. They merely state that their measured values were

L

below the theoretical value.

. e. Optimization of Frossel

L}
b emm B

Frossel in Reference 8 also performed considerable research on

screw seals. Frossel's sealing equation can also be expressed in the
: form of equation 41b. Like the other investigators, Frdassel found that Klb
waé dependent on geometry alone. The data presented by Frdssel modified

to match the nomenclature used here is given on the following page:
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Boaee - A

_ i - TABLEI - - . -
e ] ) Sealing Coefficient Kld
(Adapted from Reference 8)
H Helix Angle

| o 5 10 12 15 2 25 o
B Metric Thread ' ‘ 1
t = Imm, h=0.7mm 0 L0176 ,127 .138 .123 ,0815 .,056 O |
1 h/d = 14
L Metric Thread
t = .5mm, h=.3mm 0 .0835 .139 .167 .195 .195 .167 O
B h/s = 6 . ' ‘

Frossel's data reaches a maximum at about ¢ = 15°. His data is limited

e
| S—)

however, in that he did not locate an optimum for &/h or h/w.

f. Optimization of Whipple

=

In connection with the development of thrust bearings pressurized
(9-13)

-

by the viscous pumping action of grooves, Whipple at. al. developed

an equafion for the pressure developed similar to equation 41b. They found

T

that in order to ma.ximizetka » the conditions required were -

L

K16=.55 y=.5 ¢ =13.8° B8 = .38

The above conditions are similar to those found by the previously discussed

ey
Lo d

investigators.

1
—

. Whipple did not perform any experiments to check his theory, but

.

D. P. Hughes in Reference 3 designed a screw seal using Whipple's methods.
Hughes actually measured sealing coefficients 14% below the theoretical value

of K16 or(K16> meas ° * 49

g. Comparisons of the Various Optimizations

| .

—_

Table II is a summary of the various screw seal optimizations for

19
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laminar operation. The optimum geometries found by the various investigators
- - - e e e e e s e ,;,,_.r R L.

for maximum sealing capability are similar, but not exactly the same. The

table does, howevgr, give a range of values of the -geometrical parameteré
for which reasonable sealing coefficients canbe expected. The measured sealing
coefficients, where available, were usually lower than theoretical values and
exhibited a conéiderable amount of scatter. » This was in general attributed
to two causes by the various authors.
1. The difficulty in knowing the amount of shaft eccentricity, thé effect
~ of which was discussed previously.
2. The fact that recorded sealing fluid temperaiures are generally
lower than the actual fluid film temperature. The sealing pressure
varies directly as the viscosity, and most liquids have a fairly large
viscosity change with temperature. Thus one of the most difficult :
factors to measure and control in seal operation is the fluid viscosity.
The simplified model analysié gives results which are close to those
given by the more complicated analyses. The optimizations which include
aspect ratio effects arrive at a low aspect ratio for optimum sealing. Since
this is a basic agsumption of the simplified approach, it is not unusual that
the two approaches should give comparable results. The largeét discrepancy
between the simplified analysis and the other optimizations in Table II is in
the helix angle required for maximum sealing. The simplified approach

gives angles from 7- 10° larger than the other methods.

21
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5, Optimization for Minimum Power Dissipation

o~ — - - -

— a>—@P— Ifpractice it sometim&s is more desirable to optimize for minimum

power dissipation rather than maximum sealing capability. Equation 38 from

(5)

Reference 5 expi'esses the power loss, Boon and Tal "’ attempted to find
the values of the shape parameters which minimize the power loss by taking

the partial derivatives of P with respectpL, 1 + 1/8, tan § andy. They |

found that P approached a minimum asy—1 and (1 +1/8)—~w, The asymptotic

oy o o s
£ s 2k e ¥ i w
e b T s £ e o0 e N GO B

limiting value of P was vfound to be

T 2
[ p— (7]
E | P i 3 Apw D™ (43a)

For the combination of shape parameters for whichAp isa

e

maximum

P = 1.3581 P (43b)
: m

in
~ which shows that the optimum geometry for maximum gsealing doés not give
minimum power consumption, | |
Even though the geometry required for minimum power loss is
not practical, the power can be kept low by appropriate choice of shape
parameters. Table IIl was prepared by Booh and Tal to aid in this selection
of shape parax;aeters. Ifa conétant value of .blh is selected, the table giﬁés

the value of y, 9, and K1‘6 for minimum power dissipation. The pbwer

dissipated for any of these conditions can be calculated from equation 38.

6. Sealing Coefficients with Other Thread Shapes
(8) (7

\ shapes other than rectangular ones. Frissel tested with rectangular,

Frossel

and Asanuma' ' performed experiments with thread ‘

= Ghid WS D DN GUY SEw  gwy  pey  gm

\ : trapezoidal and triangular grooves. His results indicated that the triangular
| 22
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TABLE Il
FORM PARAMETERS FOR MINIMUM POWER LOSS
ADAPTED FROM BOON & TAL, REFERENCE 5

1+1/8

B Y tan ¢ ¢ Kig
2 1 .59 .564 ' 29°26' 525
3 .5 .65 .318  17°38' 499
4 .33 .70 211 11%5' 482
5 .25 .74 .1565 8%50'  .445
8 .2 17 .122  6%7  .408
7 . 167 .19 .09 5%0  .377
8 .143 .81 .084 4%7' 346
9 .125 .83 .073 4% .317
10 .1 .84 .064 3%°38 .398

groove seal produced higher sealing coefficients than the rectangular or
frapezoidal varieties.

Asanuma's results showed that the triangular shape produced
higher sealing pressures than eithef semi-circular or rectangular ones. Thus
the rectangular groove does not appear to be the optimum shape. However,
for this study, a r(ectangular groove was selected since more information is
available about this geometry and the turbulent flow equations are easier to

apply to a rectangular geometry.

B. Turbulent Flow Case

In the previous secf;ion the laminar theory of screw seal operation was
reviewed. As screw seals are operated at higher Reynolds numbers, the
laminar motion develops into a turbulent one. The analysis must then be
extended to cover turbulent flow.

23
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In Reference 14, a study is made of the turbulent hydrodynamic motion
“in a lubricant layer. The results of this study have direct application to the
screw seal or pump operated in the turbulent regime.

In order to describe turbulent flow in mathematical terms, it is con-
venient to separate it into a mean motion, u, and a fluctuating motion u'.

The velocity and pressure components then become

'u=E"¥".U' VeV o+ w=wW+w p=p+p

If the above are substituted in the Navier Stokes equations and a time

average made, the following equations result for the physical situation of

‘Figure 2b,
- 2
0
g% - p g.y_;_ b g ERT) (49)
"y d -3
8P . (v
3y 3y (-p v*%)

Upon comparison with equation (1), it is noticed that equations 44 contain
an additional term, the so-called turbulent stress™' v'. Further, there isa
variation in pressure across the lubricant layer.

In order to integrate equation 44, it is necessary to know the turbulent
stress u'v' bef&rehand. Constantinescu does this in Reference 14 by introducing
.Prandtl's mixing length, 1, where
3 u

v = p1? 1

3y (45)

The mixing length 1 may be defined as

ky OSyS_%
k(h-y) %ﬁyf_h

1

1

24
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where k i8 an empirical factor that must be determined by experiment, This
has been done by measuring the fully developed turbulent velocity profile in
a pipe. Measurements of this type yield values of k = .04,

Affer substituting equation 45 in equation 44 and simplifying, he arrives at

AT2 3w du _ 3u = ,
A — —— + — + B - C =0 (46)
Y 3y 3y 3y ¥
where
2
2 h F.)
A = K T e m— _E—
Re B "BV 3f
y = y/h Re = m{‘h

Solution of equation 46 yields the velocity profile for various pressure co-
efficients and Reynolds numbers. It is instructive to compare the velocity
profiles predicted by the laminar and turbulent theories. These are shown
in Figure 5.  The differences are very great. For the same pressure (B
parameter) more flow will be delivered in turbulent flow than in laminar,

If the couette flow velocity profile is plotted for various Reynolds numbers,
Figure 6 resﬁlts. The Reynolds number has substantial influence upon the
velocity profile; when Re —0 the velocity profile tends towards the laminar one
and when Re = ®the vélocity distribution tends to become constant with respect
to y. It is more important to note that the area under the velocity distribution
curve is independent of Reynolds number. This means that the drag flow term,

Q q = V;w » in equation 4 is also independent of Reynolds number.

Now if velocity is plotted for a constant value of pressure coefficient
B =-20, the influence of Reynolds number is clearly seen. This is shown

in Figure 7.
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1
‘f The mean velocity in the screw channel can be thought of as consisting ' J

' of two parts. l
um = um' + um ) » (47) I :
; c p -
} where u_ * mean couette velocity ,
. c . P
u_ = mean pressure velocity - B i B

Figure 6 shows that u_ is independent of Reyholda number., The mean
c
velocity is then

—v—=—§ + -1—- (49)

For turbulent flow, u is a function of Reynolds number., Mean velocity

P :
for various Reynolds numbers and various B parameters were calculated in

tu_ 48) N H
!
i

Reference 14. This is shown in Figure 6 for the pertinent range of values. ﬂ
The pressure coefficient is almost linear for all Reynolds numbers. This r
; can be expressed analytically as i 4
s - (Soe)” (50) |

where k' = 12 for Re = 0 and K= for Re— o,

‘This variation can be expressed as

0.1725 , (51)

"

12 + 0.14 Re

Substituting for u. in equation 48, we obtain
o

k'=K1+K2Ren l

Q Ym’ 21 B i
Vwh v

2 T [ + K, ReV-725] (52) it




A —
—1

[

1 B
I ‘ (53)
2 [12 + 0.14 Re®-725]

Q_ . Im
Vwh v

[

For Reynolds number = 0, this reduces to the laminar case with no leakage

S

as shown in Equation 30, The dimensionless pressure coefficient versus the

——t et

dimensionless flow coefficient is plotted in Figure 9.

It is interesting to compare the theoretical screw pump characteristics

withatypical measured characteristicof Fr’éssel(m) in Figure 10. If the flow

p— ]
N

J in the pump were laminar and isothermal all of the data points would lie on
= - one straight line when the dimensionless pressui‘é éoefficienf was 'pioftved -
2 against dimensionless flow coefficient. This held true at low rotational speeds,
N‘f but at higher speeds a fan shaped family of characteristics was obtained.
s Since the pumps tested by Frossel were not cooled, the temperature of the oil
‘ increased as it passed through the pump with an attendant decrease in viscosity
U and increase in Reynolds Number. The effect is a minimum at high flows since
[' the temperature rise is smaller due to the higher mass rate. At low flows and
|

high speeds the temperature rise is greater giving a larger negative slope to

a——

the characteristic. For this reason, along any speed line, the slope of the

characteristic becomes steeper as the pump operating point moves to lower

——d

flows. The dip on the characteristic lines at high rotational speeds is most

L

likely a result of the flow changing from laminar to turbulent conditions. The

3

above theoretical analysis predicts the same shape of characteristic as was
(15)

experimentally observed by Fréssel

“ When the screw pump is adapted for use as a seal, the important point

on the characteristic is the shut off pressure, i.e., the value of pressure

ey
[
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caefficient at zero flow.

[ BN

From equation 53, the shut off value is given by

LS TR P RNDAR PSS

2
: d h™ _ 1 0.725
=X - -3 [12 + 0.14 Re ] (54) l
; The constants in the above equation are the theoretical values. It was l ‘
; shown for the laminar case that the éxperimentally determined constant was
4 considerably lower than the theoretical maximum. A similar discrepancy ‘
L3 . "
] between the theoretical and actual would be expected in the turbulent case. “
- Thus we would expect an expression for the turbulent sealing pressure tobe - = "~ =~ U
? of the form o : } _
n g
ap = [Kl + K, Re ] —*5'-'21-‘-—) (55) 3!
h h b
where the constants in the equation will be a function of the screw geometry. i Zzi
or ' L J
2 3
= 2ph | n
Y = B K, + K, Re | (56) H
h h .
5 )2 ¥
By multiplying the sealing equation by( Tf) , We can write it as i
2 3
3 éu—- = n '
¥s YT Klé + bi R.eh (57) B
5 2 g
where K, =K (T) (58a)
6 h H
5 \2 :
N K, = K - 58b ’
The primed constants still remain a function of geometry alone. The approach ! |
here has been to demonstrate the form of the turbulent sealing equation, and :
then to evaluate the constants in the equation experimentally. l
28 I
i




'::_:3 [::3 ::-1 h»m:’ i

— Sk

e A S
i}

i
III. TEST APPARATUS
A. Floating Sleeve Arrangement

A test apparatus was designed and built in order to supply data neces-
sary to determine the constants in the turbulent sealing equation and to ver-
ify its form., The first configuration of the test apparatus employed a free
floating sleeve. Boon (5) had suggested that the screw seal had self-center-
ing tendency. Wigg and Battelle (16) were issued a patent incorporating this
self-aligning feature of screw scals. One of the important concepts pro-
posed in their patent is that the seal steeve surrounding the grooved shaft

_.is free-to move and because of this festire the sleeve is self aligning.

If the test sleeve could be made to be self-centering, the scatter in the
test data due to eccentricity effects reported by earlier experimenters
could be reduced. For this reason the test apparatus was designed with a
free floating sleeve. i

Figure 13 shows a layout drawing of the screw seal test rig with floating
sleeve. The drive motor is a 3 h.p., 2500 rpm D.C. motor with "Thyma- |
trol" speed control. An intermediate speed spindle is belt driven by the
motor. The intermediate speed spindle in turn drives a high speed spindle.

The intermediate speed spindie is a standard B-251C Whitnon grease
lubricated spindle rated at 15,000 rpm. The high speed spindle is an oil
mist lubricated Whitnon B-257D spindle which has been modified for opera-
tion to 35, 000 rpm.

The high speed spindle is equipped with an internal taper at one end.

* Special tapered quills on which the test screw threads are cut fit into the

internal taper of the high speed spindle. This arrangement permits easy
interchange of quills with different screw thread geometry.

The free floating sleeve fits over the test quill. Rotation of the sleeve
is prevented by rods protruding from the sides of the sleeve. These rods

fit against strain gage beams which are used for measuring torque.
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The thrust load on the sleeve is taken by the bracket above the sleeve,
A spherical indentation on the sleeve fita over a ball of slightly smaller
diameter on the bracket. The difference in diameters is large enough to
allow the sleeve to center itself around the quill due to the hydrodynamic
force created by the fluid in the clearance space between sleeve and quill.

The screw seal test rig consumes about 1/2 h.p. due to viscous shear
when operating at maximum speed. In order to carry away the heat gen-
erated without raising the sleeve temperature to unreasonably high values,

it is necessary to cool the sleeve, Since the Reynolds nux_nbgr ;s an impor-

* tant test parameter, it is important that the fluid -temperat‘ure and thus its

viscosity be controlled. By varying the flow of cooling water through the
sleeve, control over the fluid viscosity is attained. ,

A free cutting brass was selected for the sleeve material. It has a
high conductivity K = 67 Btu/ (hr-ft-¥0) and a coefficient of thermal ex-
pansion { @ = 11. 4 x 10~% ©F-1) which is close to that of the shaft material
(304SS, @ = 9.6 x 10-6 OF-1),

Figure 14 is a print of the free floating sleeve, and Figure 15, a pic-
ture of the sleeve in place over the test quill.

B. Fixed Sleeve Arrmgement

During test the free floating sleeve proved to be unstable in the turbu-
lent flow regime. To correctthis, the sleeve was mounted in ball bearingsas
shown in Figures 16 and 17.

The free floating sleeve was bored out and a shaft press fitted into it.
The ball bearings are mounted on one end of the press fitted shaft. The
housing which holds the bearing and the shaft sleeve combination is mounted
on three lips protruding from the housing on a plate above ihe screw. Shim
stock placed beneath the three lips is used to align the sleeve with the screw.
The remainder of the test rig was unchanged. ‘

C. Test Loop and Instrumentation

A gketch of the layout of the test rig and instrumentation is presented
30
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in Figure 18, Fig\ii;és 19 and 20 are pictures of the test rig and its associa-
ted instrumentation,

1. Test Loop

The loop is designed so that the threaded shaft can be tested either as a
pump or seal., When operated as a pump, the working fluid, silicone fluid
or water, enters the inlet groove of the sleeve from a sump. The fluid is
then purhped through' the screw and discharged from the sleeve. A 1/4
inch needle valve is used to throttle the flow. The flow then passes through
a rotameter, a Sendure heat exchanger, and then is dumped back into the
sump.

For operation as a seal, pressurized fluid is introduced at the top of
the sleeve. The fluid is pressurized in a reservoir by imposing pressurized
nitrogen over the surface of the fluid. The nitrogen pressure is controlled
by a gas bottle regulator, The fluid which leaks through the thread shaft
was collected in the shield shown in Figure 13. |

2. Test Instrumentation

a. Temperature Measurement

Since screw pump operation is dependent on Reynolds number, which is
dependent on viscosity, the measurement of fluid temperature is very
important. Thermocouples imbedded at 1/2 inch intervals along the sleeve
are used to measure the axial temperature profile. The temperature of the
fluid entering and leaving the test apparatus when used as a pump; the
temperature entering the test apparatus when used as a seal; and the cool-
ing water inlet and discharge temperatures are also measured with thermo-
couples.

Figure 14 shows the four copper-constantan thermocouples embedded
in the seal sleeve. The location of thermocouples at the inlet and discharge
of the screw seal, and the cooling coil are shown in Figure 15,

The emf output from all of the thermocouples are recorded on a Brown

Electronik recorder.
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b. Pressure Measurements

Static pressure taps at 1/2 inch intervals along the inner sléeve give the
axial pressure distribution. In addition, the inlet and discharge pressure
are also measured, Bourden type pressure gages are used to indicate
pressure.

The axial pressure distribution is also used to determine the axial
location of the fluid-air interface as shown in Figure 18. At design pres-
sure the fluid theoretically fills the entire seal length which is 4 inches in

this case. At lower pressures the fluid-air interface moves in. The dis-

"tance "b" is filled with fluid and distance "a" is filled with ambient air.

By measuring the axial pressure distribution, the location of the interface
can be located by plotting pressure versus length and extrapolating to
ambient pressure, |

. The location of the four static pressure taps along the test sleeve are
shown in Figure 14. ’

c. Torque Measurements

The torque exerted on the sleeve was measured with strain gage beams.
Two rods mounted on the sleeve are restrained from rdtating by two spring
steel beams as shown in Figure 13. It is possible to vary the moment arm
of the rods and thus the strain measured in the strain gage beams. This

feature makes it possible to increase or decrease the maximum value of
torque that can be measured.

d. Flow Measurements

A two gpm rotameter indicated cooling water flow rate, Although the
test screw was not operated as a pump in the tests described here, there is

a rotameter available for measuring test fluid flow rate. The location of

both meters is shown in Figure 18.

e. Speed Measurements

Three magnetic pick-up pins are mounted on the drive pulley of the
high speed spindle. These pins excite a magnetic pickup. The resulting

pulses are counted on an electronic counter to indicate rotational speed.
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D, Test Screw Geometry

There are an infinite number of possible screw geometries, Thus, the

selection of which geometry to test is a difficult problem. For laminar

flow, several investigators (See Table II) have proposed optimum geometries

for maximum sealing performance. Since at the present time an optimized
geometry for turbulent screw'seal operation is not available, the screw
tested in the series of tests described here was based on the laminar
optimization of Zotov described in Section II-A-4-a. A print of the test
quill is shown in Figure 22, and a photograph in Figure 23, Figure 24 is

a picture of the screw quill in place in the high speed spindle with the

sleeve removed.

E. Selection of Test Fluids

In order to achieve operation in the turbulent range, it is necessary to
run with a fluid of low viscosity, It is also desirable to use a fluid whose
viscosity is insehsitive to changes in temperature. This minimizes any

Reynolds humber effects due to temperature dependent viscosgity changes.

Silicone fluids are available in low viscosities and have a relatively
flat viscosity-temperature relationship. They can also be blended to pro-
duce intermediate vigscosities. This property provides another method,
other than changes in geometry and shaft speed, to control the operating
Reynolds number. For these reasons they are good fluids for testing screw
seals.

Water, although it has a relatively steep viscosity-temperature chrve.
is a cheap low viscosity test fluid, Data taken with water as a test fluid
also provides a check on the data taken with a silicone fluid of the same
viscosity. Comparisons of such data may point out properties other than
viscosity, such as vapor pressure which may have an effect on screw seal
performance. The kinematic viscosity of several grades of silicone oil
and water is shown in Figure 25, |

For most fluids in ordinary technical applications, the inception of
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cavitation occurs at pressures of the order of the vapor pressure, There-
fore in evaluating the cavitation performance of a screw seal, it is neces-
sary to know the vapor pressure. The vapor pressures of several grades
of silicone oil and water are presented in Figure 26,

Surface tépsion can also be an important physical property in evalu-
ating the performance of seals and bearings. The surface tensions for the
test fluids in contact with air are shown in Figure 27.

Some other data of interest is included in Table IV below:

Specific Gravity Thermal Conductivity  Specific

779F at 150°F Heat at T70F
Fluid Btu/hr ftOF Btu/lb. °F
» Water . .997 .378 1.0
SF96-(0. 65) .759 .057 .36
SF96-2 .873 D aw .38
SF96-5 - - .916 - ,08T : .36
Table IV

PROPERTIES OF TEST FLUIDS
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TEST PROCEDURE v ’

The test procedure followed in obtaining the test data was as follows:
The electronic inﬂcaﬁng and recording equipment were turned on and
allowed to warm up for about one hour, They were then zeroed. ,
The drive motor was turned and its speed set at the desired operating
speed. » '

As the motor was turned on test fluid was introduced into the seal .
and the fluid pressure adjusted until the fluid-gas interface moved to

" a point about 3 inches from the top of the sleeve,

The cooling water through the sleeve was set at about 1.4 1b/min. The

seal was then run under these conditions until temperature equilibrium
was reached. This took from 5 to 15 minutes,

The test data was then recorded. The type and amount of data is des-

cribed in section III-C-2,

After the data was recorded, the valve between the seal and the
pressure accumulator was closed. If the seal maintained pressure,
it was noted on the data sheet. If the seal did not maintain pressure,
the amount of pressure drop off during the five minute period was

recorded. Any leakage was also noted on the data sheet.
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V. [TEST RESULTS

A. Summary of Tests

Tests were run with two different test rig configi;rations and four
different test huids. Only one screw geometry was tested. A brief summary
of the range of Qealing pressures, rotational speeds, and measured powers
is presented in Figure 29, The maximum speed reached was 35,000 rpm.

B. Free Floating Sleeve Test Results

Data points 1-1 through 1-19 were taken with the free floating sleeve.
With the low viscosity fluid, SF 96-0. 65, the sleeve was very unstable resulting

in sleeve wear. Figure 30 shows the variation of sleeve diameter versus

-sleeve length before and after tests with the SF 96-0. 65 fluid. The pattern

of sleeve wear indicates that the sleeve instability was primarily a rocking
type vibration about the sleeve center. The effect of the sleeve instability
and wear was to change the screw seal geometry during the tests. Thig has
been compensated for in presenting the test data by assuming uniform wear
with time during testing. The estimated radial clearances calculated on this
basis are shown for each test point in Figure 29.

The sealing coefficient ¢ 5 is plotted against.Reynolds number in
Figure 31. Discussion of these results will be given in the next section.

Due to the fact th;t rubbing occurred dnring the free floating sleeve
tests, the measured values of torque were unusually high. Thus the power
and friction factor data for these tests have been omitted.

C. Fixed Sleeve Test Results

As described in section III-B, the test rig‘was modified after it was
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realized that the free floating sleeve arrangement was unstable. The fixed

sleeve arrangement proved successful and operation to 35,000 rpm was

possible. |

The measured sealing coefficients for fixed sleeve operation are

\ shown in Figure 31 as a function of HReynolds number. The sealing coefficient

curve is similar to ?hose observed in other fluid systems, with a laminar, a
transition, and a turbulent regime. The measured sealing coefficients for
fixed sleeve operation approximate those withthe floating sleeve in the turbulent
regime. The laminar sealing coefficient, however, approached a lower value
‘Pﬁ for fixed sleeve operation than for the free floating sleeve. This is not
unexpected as the leakage flow term in the laminar sealing equation 28, isa
function of eccentricity. Since the free float.ing sleeve tended to center itself
in the lamina_r flow regime, the leakage back over the landsvv‘fas a minimum.
With the fixed sleeve, it is véi-y difficult to exactly center the shaft. Any slight
eccentricity will increase the land leakage flow and thus lower the sealing
coefficient,

It was shown in Section II that in laminar flow the sealing coefficient
can be expressed as

¥ = ch (28)

and in turbulent flow
n
T %
where the K's are functions of geometry alone. Reference to Figure 31 shows

s = K, +K, R (57

that test data veriiies the form of the sealing equation predicted in the previous

analytical studies. In the laminar regime the curve flattens and approaches a
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constant value independentr of 'Re-ynolds number., In the turbulent regime the
sealing coefficient increases with Reynolds number,

If all of the measured values of K, below Re, =300 are averaged, a

AR oms s

I h
value of
C Kyt 313 | (59) . |
is obtainéd. This result is lower than the values measured or predicted in li
the other studies reported in Table II, Thg results are, however, fairly .
close to those measured by Asanuma, the second entry in the table. The . '1 _
discrepancies are felt to be the result of eccentricity. lg
In order to determine the constants in equation, it is necessary to
rewrite the equation in the following form: _ " \
g - K, = Re, " , (60) l; ‘
or In{yg - K‘o) = nln Re, (60a) E

If(¥5 - K, 5) i3 plotted versus Re, on log-log paper, it should give a
straight line of slope n. Using a value of K15 = ,313, this has been Qone
in Figure 32, for values of Reh above.550, The dataclosely approximates a
straight line at high Reynolds.numbers. The method of least squares was
used to fit a curve to the data.

The value of the fitted equation is

¥s = .313 + 1.31x 1074 Rehl'o‘14 (61)

' {
where the mean error on (Y- KIG) is 0.1, .

The data taken yields three important conclusions:

1. A laminar sealing coefficient has been obtained which approximately

verifies previously determined values.
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2. The theoretically derived form of the turbulent sealing equation has
been verified.

3. Values of the constants in the turbulent sealing equation have been ‘
experimentally determined for one geometry of screw.

D. Power Measurements

The energy dissipated in a screw seal, ignoring the pressure flow

terms, has been shown in Section II-A-3 to be given by the following expression:
p . BU%A [ v8

66000

By T + {1 -'Y)} : (33)

The term %—f—i- = , 1525 represents the portion of power dissipated in the

groove and the term (1 - ¥) = .37 represents the portion dissipated over the
land. For this test geometfy then, about 70% of the total loss occurs over

the land. Therefore, it is more appropriate to present the frictional charac-
teristics of the screw seal in terms of a Reynolds number based on the clearance
between the land and sleeve, rather than in terms of a Reynolds number»based

on the groove depth as was dbne in presenting the sealing coefficient data.

The screw seal friction factor in the laminar flow regime is given by

.2 Y8
f = R'—e-g [m + (1-7)] (37)

“

For the case of 7 0, equation reduces to the case of the unloaded journal

bearing, that is

or
- v8 - «
fSS = fjb [m + (1 ‘Y)] . (62)
In Reference 17, the frictional characteristics of én unloaded journal

bearing are presented in terms of a friction factor f. In this study the coefficient
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of friction f was found in the laminar regime to be given by equation 62 and in

the turbulent regime by

.078

Reﬁo' 43

£ = (63)

The friction factor from Reference 17 multipl}ed by [g—f—l- + (1 - ‘Y)] is
shown in Figure 33 along with the measured screw seal friction factors. It

is seen that the measured screw seal friction factors run about 3 times higher
than the theoretical value. This indicates that the simple model on which. the
analysis is based is not adequate, and further work should be done in this area

to develop analytical techniques for predicting friction loss.

The data as a whole can be approximated by a line of slopel. However,

for any one fluid, the data exhibits a slightly higher negative slope. This
peculiarity of the data may be a result of ecceﬁtricity. From Reference 17,
‘it is known that the laminar frictional torque of a bearing increases with
eccentricity ratio. If the screw quill is eccentric in the sleeve, the hydro-

dynamic forces will tend to center the quill, and the higher the speed the

larger the hydrodynamic forces tending to center the quill. If the quill is
originally misaligned, as the speed increases the eccentricity ratio will
decrease and consequently the friction torque. This effect is such as to cause
the higher slope.: |

The scatter in the friction data is considerable. The reason for this is
that the torques being measured were small, as low as 12 in-gms. The
static friction in the ball bearings supporting the sleeve approached this value.

In addition the numerous pressure lines and thermocouple wires attached to

sleeve contributed additional error. Thelevel of datapoints 1-98through1-118

were adjusted tomatchthe other SF-96-5data. This was requiredinorderto correct
' 40
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an error in the zero setting of the recording instrument for these runs.
The frictional characteristic of the screw seal retains its laminar charac-
ter to values of Rea up to about1000. This value is fairly close to the critical

Reynolds number in the land clearance based on Taylors instability criterion

Redcr s 41.1\/55— = 700 (64)

In contrast the flow in the groove enters the transition range at Re = 224

which is

(R,eh =700) as evidenced by the increase in the sealing coefficient at that point.
The data indicates that Reg is the proper criterion for correlating the frictional
characteristics of a screw seal since most of the loss occurs in the land
clearance space. On the other hand, the Reynolds number, Reh, is more
suitable for correlating the sealing characteristic. Three separate modes of

flow appear possible in the screw seal.

In the Groove Over the Land

!
laminar laminar
Nature of flow turbulent laminar

turbulent turbulent
At very low Reynolds numbers the flowis léminar in the groove and over
the land. At Reh = 700, the flow in the groove becomes turbulgnt. At this
point the sealing coefficient starts increasing with Reynolds number while
the friction factor retains ifs laminar character. When Reh = 3100 corr;sponding

to a R.e6 = 1000, the frictionfactor curveloses its laminar character and enters

the transition range indicating that the flow is now turbulent both in the groove

and over the land.
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E. Seal Breakdown

As the shaft speed is increased, a point is reached where the seal
breaks down, When this happens, the pressure profile along the sleeve still
shows a zero presgsure intercept- well within the seal. This can Ee seen for
instance in Figdre 34 where for a Reynolds number of 11, 700 the
zero pressure intercept shows an active seal length of 2.8 inches, yet the
seal was leaking,

The term seal breakdown, when used here, is defined by the condition
when the seal will no longer maintain the seal pressure when the valye is
closed between the seal and the pressure accumulator (See Figure 18). The
seal breakdown is not a catastrophic type failure but amounts to about a drop
of leakage every three minutes, Once breakdown has occurred, the seal
pressur.e drops off at the rate of about 1 psi every 5 minut-es after the valve
betw;veen the seal and accumulator has been closed.

It is apparent that in order to use the screw seal in high speed
applications, the designer must be able fo predict when seal breakdown will
occur. To do this requires knowledge of the mechanism of seal breakdown.
In deriving the sealing coefficient equ#tiops, three types of fluid forces and
geal geometry were included, The sealing coefficient can be thought of as

the product of a pressure coefficient, a Reynolds number, and geometrical

ratio, that is

' 2 o]
.ApS~  _ Ap _pUS
Y5 = aoL pu? *Tp *T1 (65)

In the analysis it was shown that the above sealing coefficient was a function

of the Reynolds number and seal geometry. Lookirg at it this way, we see that
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only the following factors were included in the analysis:

'Pressure forces
Viscous forces
Inertial forces

Geometry

Consideration of these factors alone does not permit prediction of seal break-
down, since seal breakdown occurs at both low and high Reynolds numbers. .
Therefore, we must look to the other fluid forces which were omitted from
the analysis for an explanation of seal failure. Thereare several useful
parameters which portray the relative importance of several factors, vapor
pressure, gravitation, and surface tension which are of possible importance
in this study. These are discussed below:

E-1 Cavitation

Cavitation is usually defined as the formation of the vapor phase of
a liquid which has been subjected to reduced pressures. When the phase change
is a result of pressure changes brought about by the motion of a liquid relative
to a solid body, the two-phase flow is said to be a cavitating flow. Such a condi-
tion can exist in a screw seal where a liquid is contained in a clearance space
between a sleeve and a high gpeed rotating shaft.

For most: fluids in ordinary technical application, the inception ofv
cavitation occurs at pressures of the order of the vapor pressure. The pressure
at which it occurs however, is variable and depends upon the amount of en-
traiﬁed gas and foreign material in the fluid.

The parameter which is used to predict when cavitation will occur

ia called the cavitation number and is defined as
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P- D
c = -2 5
1/2PU

v

(66)

where P, is the ambient static préssure, P, is the vapor pressure at the
operating temperature, and U is a reference velocity, characteristic of the
flow. For. application to the screw seal, it appears reasonable to take p, as
the ambient pressure and U, the shaft speed, as characteristic flow velocity.
Thus the cavitation number becomes |

P,-Pp
C=1 v

(67)
1/20U2

According to the above equation, the lowest pressure in the seal is Py
since at any point beyond this, the pressure should be higher due to the
increasing pressure gradient. Measurements verify this in Figures 34
to 37. However, secondary flows may exist within the seal and lower
pressures may exist permitting cavitation. Since it is not possible to predict
the minimum pressures which may arise as a result of secondary flows, the
cavitation parameter is expressed in terms of P ap easily measured quantity.

The magnitude of the cavitation number is an Indication of the degree
of cavitaticn or the tendeﬁcy to cavitate, The value of of the cavitation number
at which c#vitation is first observed is the critical cavitation number. iThe

cavitation number provides a means for predicting cavitation behavior on tests

. run with different geometries andv different fluids.

If cavitation is the cause of seal breakdown, the inception of seal break-
down should always occur at the same cavitation number, and it should be
possible to operate at higher shaft speeds with low vapor pressure fluids "

than with high vapor pressure fluids. In Table VI, the cavitation numbers at

N

44




— |

.

hw'i‘.ﬁ]

—— ~ [
[—

seal breakdown for the four test fluids is shown. From first abpearance there
seems to be no one critical cavitation number which corresponds to seal
breakdown. Before reaching 'any conclusions it is important to note that the
actual film temperature is high:er than the 'measured sleeve temperature. This
means that the vapor pressure corresponding to the sleeve temperature may
be considerably lower than the vapor pressure actually exigting in the fluid

film.

To gain some appreciation of the magnitude of the difference between the

measured sleeve temperature and actual film temperature, Couette flow between

two flat plates is considered. Since most of the power loss in the seal occurs over

the lands (See Equation 33) and the eccentricity is assumed zero, the flow in
the clearance space over the lands can be approximated by Couette flow with
no pressure gradient. . .

If the shaft clearance space is approximately two parallel flat plates,

from Reference 1, the governing equations are

a2 .

du . 2% (68)
2 J x

oy
2 2 2
b ) (o)

- - dT |
y = 0,u =1, —dy 0

= 6 - = ‘Y
y ,u 0 Tf Tsl

The boundary condition at y = o assumes that no heat is conducted away

through the shaft.

This is a conservative assumption, as some heat will be removed through
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the shaft and the calculated temperatures with no heat rémoval through the
shaft will be higher than with heat removal through the shaft.

The solution of equation is

2 .

Ty - T, = B— [1 -(y/6)2] ' (70)
andfory = §
2
U
(e - Ta) B2 m
max '

- Now consider operating conditions with water and SF 96-0. 65 fluid at
35,000 rpm. The Reynolds number for this condition is Re = 6,260 for the
SF 96-0. 65, and 4960 for water. This flow is in the turbulent regime and

losses would be higher than laminar theory would ‘predict.

TABLE V
. ok ;
Fluid : 1b-sec -_1b (Te-Tsy) max
. it sec.OR oOF
Water 1.29 x 1077 .0815 2.65
SF96-0.65  .725x 10°7 .0123 9. 87

Even at this high speed, the temperature differences are not large enough |
to appreciably affect the vapor pressure. Yet in Table VI it is seen that it is
possible to run the seal with water at speeds of twice that possible with

SF 96-0.65 fluid at the same sleeve temperature, Since both fluids have

. about the same vapor pressure and their differences in conductivity are not

large enough to cause a large difference between film and sleeve temperature,
it appears that cavitation was not a ‘cauée of the observed seal breakdown.

E-2 Gravitational Effects

A T RS R AT

Whenever devices operate with free liquid surfaces, such as the
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gas-fluid interface in a screw seal, the Froude number may be important in
determining the nature of the flow. It is the ratio of inertial forces to gravita-

tional forces and is given by

P
F=Y | (72)

gl ,
where U and 1 are a velocity and length characteristic of the flow. The

appropriate velocity and length for the screw seal appear tobe U and 8. The

Froude number is then expressed as

F = — (73)

This parameter is also shown in Table VI, If seal breakdown were a function
of Froude number alone, then the critical shaft velocity would be the same for
all fluids since the geometry was the same for all tests.

E-3 Surface Tension Effects

In deriving the sealing equation, the boundary condition at the gas-
liquid interface was not considered. Through the action of surface tension
between the liquid and the adjoining gas a pressure difference arises according

to the equation

[
P =Py *R| (74)

where P, is the liquid pressure and pg is the gas pressure and R is the

principal radius of curvature of the gas-liquid surface in the clearance space.

If the liquid being sealed wets the shaft and sleeve material, the liquid pressure

is less than the gas pressure. If it does not, the gas pressure is greater than the
liquid pressure. In addition the value of the surface tension depends upon the gas
in which the surface tension of the liquid is measured. Thus if surface tension
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forces are of importance, ‘the liquid, the gas'and the seal material must be con-

sidered in the seal design.

A mechanism comparable to the atomization of a liquid jet may occur at
the gas-liquid interface of the screw seal. As the shaft speed is increased,
the inertial forces of the liquid may overcome the surface tension forces
causing liquid particles to leave the surface and drop, as observed, from the
geal.

In studies of this type, the ratio of surface tension forces to inertial
forces, called the Weber number, is an important parameter. It is defined

as

w =91 (75)

where

= surface tension
density

= characteristic length

g ~ v q
[}

characteristic velocity
In applying it to a screw seal, we choose U and § as the characteristic

velocity and dimension. The expression then becomes

2
U“op (76)

W = e

This parameter is also presented in Table VI for conditions at which

seal breakdown occurred.

4. Comparison of Possible Mechanisms of Seal Breakdown
Table VI is a summary of the previously discussed dimensionless
parameters which are ratios of fluid forces which may contribute to seal

breakdown, Cavitation does not seem to be a cause of seal breakdown since
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it was possible to run with water at values of cavitation number far below 1.0,
If gravitational forces were important, the Froude number would indicate that
seal breakdown would always occur at the same shaft speed, and this was not
the case. Reynolds number alohe will not account for it, since the water and
SF 96-0.65 data indicat’es breakdown in the turbulent mnge, the SF 96-2 data
in the transition range, and SF 96-5 data in the laminar range.

The Weber number data however, presents a rﬁore consistent pattern in
that for 3 of the 4 test fluids seal breakdown occurred in the range of Weber
number from 80 to'110. The performance of the SF 96-2 fluid was not asg
good with breakdown ocm-xrring at a value of W = 22, Water with a value of
o /p about three times larger than the g/p for all three silicone fluids was the
fluid for which breakdown was postponed to higher speeds. It appears that
fluids with high values of ¢/p can be 'o’peratcd in screw seals at higher shaft
surface velocities than fluids with lower values of g/p, and this propet.'ty
ratio should be considered when considering screw seals for sealing applica-
tion.

Other fluid properties which are conducive to good screw seal operation
are high conductivity and specific heat to keep film temperatures down and
low vapor pressures to pre§ent cavitation, should this become a problem.

The fluid forces at seal breakdown have been presented in dimensionless
form in Table VI in an effort to deduce logical groupings of variables involved
in the mechanish of seal failure. This effort has resulted in the conclusion
that surface tension forces appear to be a significant property in»\controlling
seal failure. However, other dimensionless groupings may also be important

and because of the limited test data, their affect on the pattern of the test data
49 =
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could not be detected, To determine the actual mechanism of seal failure

~would require more extensive tests of fluids with more widely varying properties,

Visual studies of seal operation through a transparent sleeve would also be

helpful.

F. Pressure and Temperature

Distribution Along the Sleeve

Figures 34 through 37 are sample plots of pressure and temperature
measurements along the sleeve for all four test fluids. The distance x is
measured from the edge of the groove where fluid is introduced into the sleeve.
The first temperature measurement is actually above this point by 1/2 inch
(i.e. x = - .5)but is plottedat x = 0.

The distance L for each test point was determined by drawing a
straight line through the pressure points and extrapolating to zero gauge
pressure. As can be seen from the plots the pressure distribution is linear,

ag theory predicts.
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V1. CONCLUSIONS AND RECOMMENDATIONS

A,

1.

Conclusions

A gimplified expression for the laminar sealing capability of a screw
seal and a method of optimizing the screw geometry to obtain maxiraum
sealing capability were derived. The results closely approximate the
results of other published methods.

The analysis was extended to the turbulent flow case, and an expression

 for the turbulent sealing equation, not considering leakage effects,

was derived.

An experimental investigation of the screw seal was also conducted
using water and gilicone fluids. The test program yerified the form
of, and evaluated the constants in, the derived turbulent sealing
equation for one screw geometry. |

Seal breakdown was obselfved in bqth laminar and turbulent flow.
The test fesults indicate that the ratio of fluid surface tension to
density is the most significant property controlling seal breakdown.
The higher this ratio, the higher are the permissible shaft speeds
before seal breakdown occurs.

Recommendations

The study and experiments reported here have shown that it is

possible to seal low viscosity fluids with a screw seal. In order to extend the

analysis of the screw seal to include a more comprehensive investigation of

leakage effects, optimize the seal geometry for turbulent operation and to

determine the exact mechanism of seal breakdown, the following additional
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development work {8 recommended:

1.

Derive, optimize and verify experimentally an analytical expression

for turbulent screw seal operation inciudirg leakage effects. This

phase would be divided into three separate tasks. N

A- Derive the turbulent sealing equation including leakage effects.
This equation will yield a sealing coefficient which will be a
function of Reynolds number and screw geometry. Due to the
complexity of the problem, a semi-empirical approach will
be required.

B- Optimize the derived turbulent sealing coefficient with respect
to the appropri;\té geometrical parameters. This will involve
a numerical computer solution of a set of simultaneous equations.

C; Verify experimentally the form of the equation derived in A
and the optimum geometry found in B. It is estimated that
about 30 different test geometries will be necessary to verify
the analysis.

Investigation of heat generation (power loss) effects

A- Develop a method for predicting the temperature distribution
within the seal and evaluate the importance of several possible
modes of heat removal, i.e., through the shaft, sealed fluid,
or éleeve.

B- Experimental verification of the analytical methods developed in IIA.

Investigation of the mechanism of seal breakdown (leakage). This

phase would be primarily experimental and would involve testing
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with fluids of widely varying properties in orderito‘ determine which
fluid characteristics induce seal breakdown. Visual experiments
would be performed using a transparent sleeve to obéerve the liquid-
vapor interface. An attempt would be made to correlate the sealing
coefficient at breakdown with Reynolds number, cavitation number,
Froude number or other parameters that the investigation reveals
to be most‘significant.

Investigate the screw éeal characteristic at other than the shut off
point, i.e., zero flow. This is desirable for applications where a
screw seal would be used as a pressure dam. The finite flow

through the seal helps to remove the heat generated within the seal,
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Figure 2b. Couette Flow Approximation to Flow
in Serew Pump Channel.
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) SUMMARY OF TEST RESULTS
————m0 2 REOULLS

Quill No. 1 .
Floating Sleeve h =,010 o I
Teat No Test Fluid _&_ N ‘ P L Measured Power ' 2
1s rpm psi in. h.p.
1-1 SF96-5 3,25 3980 15.05 2.86 I i
1-2 SF96-5 3.25 4760 20.34 3,28 - !;
1-3 SF96-5 3.25 6200 25.74 3.15 .- :
1-4 SF96-5 3.25 4080 16.04 3.41 —-- l} %
1-5 SF96-5 3.25 5660 20.54 2,90 .—-- , é
1-6 SF96-5 3.25 5700  25.54 3.34 — 15 E
1-7 SF96-5 3.25 6940 30.54 3.18 —-- ; P
1-8 SF96-0.65  3.50 4560 4.5 2,65 ——- {3 _é
1-9 SF96-0,65 3.6 6680 6.54 3.0 cewan § %
1-10 SF96-0.65 3.7 10360  10.24 2.70 = eee. | ‘ %
1-11 SF96-0.65 3.8 13460 13.14 2.60 = oooe. j §
1-12 SF96-0.65  3.92 14940 15.44 2.50 = oo... ; g
1-13 SF96-0.65  4.04 16560 18.24 2.48 ... ; g
1-14 SF96-0.65 4,15 7080 6.4 3.20 S 7
1-15 SF96-0.65  4.25 12160 10.44 2.61 = ooo.. : .3
1-16 SF96-0.65  4.38 15400 15.64 2.57 = ... % i
1-17 SF96-0.65 4.5 16840 20.4%4 2.70 = ..... }‘é
1-18 SF96-0.65 4.6 18760 22,94 2,57 = ..... i3
1-19 SF96-0.65 4.7 20420  25.64 2,65 = aee-.
figure 29
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L
N
5 [§ SUMMARY OF TEST RESULTS
e Quill No. 1 5 = .0035 1,
, [‘ : Fixed Sleeve h = ,010 fn.
' ’f v Test No, Test Pluid _N_ P L Measured Power
l } rpm pai in, h.p.
§j§ 1-20 Distilled 5220 5.45 3,75 .0248 !
N Water . B
N 1-21 woo 8560  10.05 2.80 .0405 ? |
i!f 1-22 " 11520  15.90  2.50 .0546 |
1-23 " 13600  20.55  2.42 .0645
A 1-24 " 15060  25.40  2.34 0711
" 1-25 " 16340 30.40 2,31 .0775
e 1-26 " 6240 5.70  3.48 L0417
1 1-27 " 11780  15.65  2.51 .0906
f 1-28 " 17040  31.00 2.48 114
? 1-29 " 17860  35.65  2.29 111
| 1-30 " 19520  40.70  2.27 141
§ 1-31 " 20660 45,5  2.20 .159
| 1-32 " 21460  50.5  2.25 .166
§ \ 1-33 " 23080 55,5  2.25 .189
f ; 1-34 " 24160 60,5  2.25 .197
" | 1-35 " 27760 57.0  1.57 .227
; ; 1-36 " 29880 55.0 1.46 264
i 1-37 " 31520 55,0 1,23 .257
; : 1-38 " 18160  31.0  2.26 .140
s 1-39 " 5600 7.0 4.00 ~.0209
: Figure 29 (cont'd)
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SUMMARY OF TEST RESULTS

' Quill No, 1 <

5 E Fixed Sleeve = .0035 in.

f h = ,010 tn,

Test No. Test Pluid N P L ueaéured Power

| rpm psi in, h.p.

j ' .

; 1-40 Distilled 16520 30.6 2.3 .0947

! . Water

; 1-41 e 35000  56.8  1.21 .340

x 1-42 SP96-5 1360 5.3 4.00 .0087

1-43 " 3020 10.7  2.79 .0260
1-44 " 4520 15.5  2.53 L0441
1-45 " 6120 21.0  2.44 .0689
1-46 " ~7780 26.0 2.37 .0877

; 1-47 » 9320 310 2.31 .1298

? 1-48 " 10700 36.1  2.28 .1490

! 1-49 " 11640 41.2 2,28 .1622
1-50 " 12700 - 46.2  2.27 .1881
1-51 " 13580 51.2 2.2 .2011
1-52 " 14320 55.8  2.24 .2122
1-53 " 15420 61.0 2.24 .2285
1-54 Distilled 5320 5.50 3.4 .0219

Water

: 1-55 oo 6580 6.42 3.22 0174

§ 1-56 " 7280 7.48  3.17 .0192

g 1-57 " 8240 8.48 2.96 .0218

f 1-58 " 8660 9.5  2.78 .0229

‘ 1-59 " 8680 10.3 2,70 .0293

- Figure 29 (cont'a)
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1
f[; SUMMARY OF TEST RESULTS
] : Quill No. 1
| [; Fixed Steeve & = .0035 fn.
o “h = .010 fa.
!’ Test No. Test Fluid N P L _ Measured Power
rpm psi in. -. ~-h.p..
| ]5 1-60 Distilled 9520 11.8 2,63 .0321
! Water )
o 1-61 " 10320 13.8 2.57 .0349
’ !i 1-62 " 11132 15.9 2.49 .0376
i‘ 1-63 " 12080 17.0 2,42 .0408
1-64 " 12840 20.4 2.39 .0434
él 1-65 " 13420 22,7 2.35 .0453
1-66 " 13880  25.5 2.34 .0574
; {: 1-67 " 14660 28.0 2.31 .0606
; [; 1-68 " 15220 30.4 2.30 .0629
§ 1-69 " 16640 35.0 2.28 .0687
| [t 1-70 " 18060 39.9 2,25 .0745
| 1-71 " 19180 45.0 2.23 .0936
‘ l, 1-72 " 20440 50.3 2.20 .0845
: f~ 1-73 " 22220 56.0  2.19 .1421
: 1-74 " 123080 60.4 2.17 .1294
f I? 1-75 " 31580 55.0 1.24 .2019
' 1-76 SF96-2 4680 5.4 3.62 .0214
[f 1-77 " 5540 6.5 3.30 .0246
| 1; 1-78 " 6340 7.3 3.20 .0281
; & Figure 29 (cont'd)
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Test No.

Test Fluid

1-79
1-80
1-81
1-82
1-83
1-84
1-85
1-86
1-87
1-88

1-89
1-90
1-91

1-92

Y.

1-93
1-94
1-95
1-96

L L s L TR LTI

1-97

SF96-2

”n
"
"
"
"
"
"
"
"
AL
"
"
"
"

SUMMARY OF TEST RESULTS

N

rpm

7000
7700
8080
9060
9960
10620
11420
12240
12720
13480
14080

14620 °

16080
17040
18320
19080
20200
21140
31940

Quill No, 1
Pixed Sleeve

L L

pai in.

8.3 3.03
9.3 2.89
10.3 2.76
12.1 2.67
14.3 2,55
16.4 2.49
18.5 2.41
20.5 2.39
23.0 2.37
25.5 2.35
28.0 2.34
30.5 2,32
35.4 2,29
40.3 2.27
45.7 2.26
50.5 2.25
55.0 2.23
60.3 2.21
60.4 1.22

Figure 29 (coat'd)
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§ =.0035 1.
h =,010 ia.

Measured Power
h.p.

.0300
.0330
0347
.0389
.0428
.0456
0491
.0528
.0657
.0756
.0790
.0820
.0920
.1032
1171
.1496
1737
.1817

.2993
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; r SUMMARY OF TEST RESULTS
; . | Quill No. 1 :
: {i Fixed Sleeve & =,0035 ia. g
. h = .010 1n. §
i “ Test No. Test Fluid N P L Measured Power :;
| T W mi T hop: :
v! [E 1-98 SF96-5 1940 5.6 3.6 .008 ;
. 1-99 " 2620 6.0 3.42 .0112
;If 1-100 " 2800 7.3 a1 .0148
KR 1-101 " 3640 8.6 3.02 .0192
' 1-102 " 4020 9.1 2.90 .0212
! 1-103 " 4420  10.5 2.77 .0234
| 1-104° " 5180  12.5 2.64 .0234
| 1-105 W 5400  14.4 2.59 .0382
j 1-106 " 5800  16.2 2.50 .044h
f 1-107 " 6200  18.5 2.48 .0474
' 1-108 " 6600 20.6 2.45 .0804
1-109 " 7080 22.6 2.43 , .0628 i
;[ - 1-110 " 7840  25.4 2.40 .0696
' ;I : 1-111 " 8820 28.0 2.38 .0886
| 1-112 " 9420  30.5 2.35 .0998
;}g 1-113 " 108450  35.5 2.34 .1148
f;; 1-114 " 12020 40.5 2.29 .1248
i 1-115 " 13060  45.5 2.28 .1696
:{; 1-116 "o 14060 50,2 2.27 L2002
1
' - Figure 29 (cont'd)
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SUMMARY OF TEST RESULTS

5 Quill No. 1
§ Fixed Sleeve & =.0035 1n.
i h =010 fq.
; " Test No. Test Fluid N P XL Measured Power
,i » rpm psi in h.p.
i 1-I17  sF96-5 15500 55.5  2.26 .2206
f 1-118 " 16660  60.5 2.25 .2272
1-119 Distilled 5400 5.6 3.67 .0127
{ . Water
! 1-120 " 8660 10.5 2,82 .0229 i
§ 1-121 " 10840 15.3 2.58 0317
1-122 " 13020 19.8 2.40 .0380
1-123 " 14180 24.5 2.37 .0500
j 1-124 " 15860 29.2 2.32 .0654
1-125 " 17380 34,1 2.26 .1080
z 1-126 » 20060 44,2 2.28 1427
§ 1-127 w 23640 56,0  2.23 .2314 !
j’ 1-128 " 32020 47.4  3.32 .3224
1-131 £ 5 8380 19.9 2.44 .0769
1-132 " 7160 14.6 2,25 .0561 l
1-133 w 3480 10.0 2.77 .0159 g;
3 1-134 " 1380 4.9 3.95 .0048 :
! 1-135 " 3560 10.3  2.82 .0130 l
: 1-136 " 5540 15.5 2.66 .0253
f 1-137 J 7020 15.6 2.31 .0374 l :
Figure 29 ° b
40 i

i
;Muaw.ﬁ..u..;- T




*2BoM - 1898 AO108

oAv01g Suoly soyougr
2 .

‘08 sandig

I9joweIq TeuiStTIO

v
v
\ A
SLSAL FATAIS ONILVOTS ‘BVIM TATHATS

Your I JI3A0 STIN




R g ety L.y ST pyr— P

P—

Joquiny SPlOUASY SNS8Iap JUSIOYR0]) Sul[eag

1€ aandrg
Yoy
0! o ¢Ol

G-964S A 811-86S1d

Y3.1vm G3T1ULSIA 0 GL-bSSid
| G-964S o €6-2bSld

¥31lvm @3TiLsia 1 0ANE

or

0

: 2-96dS o /6-G.Sld
3A337S ﬁmm.01wm..._m o 6l-6Sid
ONILYOd| 6-964S v 8-1 Sid

el

T ] 1 | i
. .o w
ypo 108 5 O1 X I€714+ €1€" = A

N OO wn
oe 4

i

\@%c

o]

92




ST NNy T PN LA, §9

zwx SNSIDA

2¢ aandry
Yay
¢O! | 40!

0
Iy - %

<Ol

ikt i ud RPN

ol
<100

LI i ’ 1 LI ]
N0 6-964S © el 1d
Y31VM G37114SIG D' L21-611 Sld
B M0 §-964S & 8li-¢li Sid
10 2-963S o 16-28'Sid
. Y31VM G37711SI0 0 S-S Sid
110 6-9635 o €G-8t Sid
- Y3LVM 037711810 ¢  1b-02 Sld
o M0 69°0-964S 0 61-6 Sid

X 1€ =(g1g" - &)

Al

I'0

le_gd\.

93

R YT

-

]




T TP N Y PP TR T S ‘.

—— eems WS W W uuﬂﬂdz SPTOUA ST-SNSXaTy JOFESN ‘cqﬂﬂukll- |mEN R W AR e e o
£¢ aandygy
A. N “Om .
. T _ 1000
1t 240) .
(4-1) + m@ = %
/\ﬁ g4 8l0
N\
o 100
N “
3 ,,
o Y o
10 6-964S Z€1-1 NYHL Igi-] N :
Y31VA B821-1 NYHL 611-1 0 N

~ 10 6-964S 81i-1 NYHL 86-1 ¢
10 2-964S 26-1 NYHL 9L-1 O
Y31VM GL-I NYHL $G-1 ©
10 G-964S €G-1 NYHL ¢e¥-1 o
H3ILVM Ib -1 N¥HL 02-1 A

< 00
=g
il
w N 4
o)

I




i T L T : ‘ :
; j’ -Lgt’.b?quglgg {.u:-:!?mé&:ngﬂsm.'[ ’_\!".Dt’ffﬁf 3 URE'b{E} TBUITO
: L P b JRERN i “abda L VT e F
L SEpgiy s OEEE T TOR SFY B85 1T
Py L 1 ¢
B Y Y O o T
]A T [i :]k:{.ﬁgq’ ':C.th o WAKES b
- o e 3
§ F NaE T 15 ‘[ 7?
i { Tia1 "
; . -J' \ ! H
L i ”
N ]
P ik i A N

.E LA -

; , 1 NN

A
! S

{ \ N - + ]
B = E

" N\ N

& = 1
-] Ty
T g 1 b |
—3p
A £
R — [~
e \: A ~

H 3 \:J
]
i - 4
| N
E : X - AV - e £
‘ {“ Q o
P 3
. » ‘
: [ 4 B ¥
: 1

Figure 34
95

TP

R




Malliad). g
¥ R T v 2 'y v
* TR 1Y e o g e !

- - L Hoe oy e - PRUPN, o
—t WA AN We e lll!!!llIn.

I
| B
; Iy
1 : :
] ]
J]
nLIIH_LoL . oy L :
21 : N
S ANRNEE RS Wb o - :
W A} ]
: —
=TT :
"y o)
oL S N . . : ., |
=)0 I
NN NNERE NN ]
WS 11 3 4 -
b { 14 1 | : f :
1SS ) ! 1 11 _ 5 i
N - " . : :
=i - eaaE
[ERReanEEanrS :
aK...I. sl : (] Ly QP P
£y : s _l..lq'. -y ﬂ
Sy : 5
=T p
STy
o "l >
Fa SR 3 1 m 7
= 5
S P ? 4 3 L4 o8
E (S Y 171 m“
-
24
T \\
- 4
\\ -
] 1
b |
X
N p
N q u S ]
i 3 ' '
~ L3
il _ N
— 4 \\
il i H
P
- i .
i {
Ria
3] |1t N [ D
k> 4
q e
: -
-4 .
Tt e am oem ane @ A




1
i
]
ad
1 t
|
1
i
1
[ s o
l
| ~i.!
i h.
A3
t .
<
-$= : b} B
: ! 1 2 N A
[ T 5 1 ¥ T
=1 i
S ;
=1 4
“ G 1 H e - =
| €3 11
Pyt ' r
—
hend U I 1 -
P
el | ! = ot A
=1 | ~ hy
By | -
ol 1 < Q 4
e ¢ al q
=
py i :
[ 5.3
| Bl
4 >’
Lol d
| << \O ¢ 5
-
Rl 3
B
H“mr “ ﬂ" -
Bam - 4
R Y : I a- g B
e S
[PYRE Bt R -
e ] iddL r
Q2 ~+..... a4 4
! ul. _”»‘l...m 1 H
B Ny ‘r.__a_} NN NN
- " 41
RN f RN A
SRR BTN -
i ﬁm.k_ ] WM N
g A e R R
Iw i Ty T
TR - Y RUHONEN (NS Y Ll \
L&~ |
r..,m.ill ll*h lmlvl S
- vEe -~ Al
- & 8HH HoH p 5
i LS h
It A . &
vﬁ.r.»kw -l b b
4 o0
Re Egs ul
1 iy i
AY

Figure 36

97




Q)

= v amy

Cd:

B

kS 44

L

-

oot ]

P o

e et e h e vt oo ai e s

98

Figure 37

L]




Coptes

11

DISTRIBUTION LIST

Organization

ASD (ASRCNL-2, Mr. John Morris)
Wright Patterson AFB, Ohio

ASD (ASNPFS-3, Mr. R. Ling)
Wright Patterson AFB, Ohio

ASD (ASRCNL, Mr. G. A. Beane)
Wright Patterson AFB, Ohio

ASD (ASRMFP-3, Mr. R.]. Smith)
Wright Patterson AFB, Ohio

U.S. Atomic Energy Commission
Office of Technical Information
P.O. Box 62

‘Oak Ridge, Tennessee

Thompson Ramo Wooldridge
Attn: Mr. Carl Nau

23555 Euclid Avenue
Cleveland 17, Ohio

Rocketdyne Division

North American Aviation
Attn: Mr. R.B. Dillaway
Department 584

6633 Canoga Park Boulevard
Canoga Park, California

Technical Information Center
Aerospace Corporation

P. O. Box 95085

Los Angeles 45, California

ASTIA
Arlington Hall Station
Arlington 12, Virginia

Cleveland Graphite Bronze
Division of Clevite Corporation
Attn: Mr. E. James Vargo
17000 St. Clair Avenue
Cleveland 10, Chio

~99.




Battelle Memorial Institute
Attn: Mr. C, M. Allen
Columbus 10, Ohio

SSD (SSTRE, Capt. W. W, Hoover)
AF Unit Post Office
Los Angeles 45, California

Power Information Center
Moore School Building

200 South 33rd Street
Philadelphia 4, Pennsylvania

National Aeronautics and Space Administration
Lewts Research Center

Attn: Mr. Joseph Joyce

Space Electric Power Office

25000 Brookpark Road

Cleveland 35, Ohio

AiResearch Manufacturing Company
Attn: Mr. John Dennan

402 - 536th Street

Phoenix 34, Arizona

Sundstrand Aviation Corporation
Attn: Mr. K. Nichols

2480 West 70

Denver 21, Colorado

Aerojet - General Nucleonics
Attn: Mr. Paul Wood
Azusa, California

Pratt and Whitney Aircraft

Division of United Aircraft Corporation
Attn: Mr, Frederick A. Corwin

East Hartford, Connecticut

Mechanical Technology, Inc.
Attn: Mr. F.K. Orcutt
Albany Shaker Road

Latham, New York

-100-

-

-y
— -

L

[T

. —,

-—————

[ ey




